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INTRODUCTION 

Cons ide rab le   e f fo r t   has  been  expended i n   r e c e n t   y e a r s   o n   t h e   p r o b l e m   o f  

reduc ing   undes i rab le   emiss ions   f rom  gas   tu rb ine   combustors .   A l though  emiss ion  

cont ro l   must  be   cons ide red   ove r   t he   en t i re   spec t rum  o f   gas   t u rb ine   ope ra t i on ,  

p a r t i c u l a r  emphasis   has  been  p laced  on  the  condi t ion  encountered  in   the com- 

b u s t o r   o f  an a i r c r a f t   e n g i n e   d u r i n g   s u p e r s o n i c   c r u i s e .   S u p e r s o n i c   c r u i s e ,  

w h e r e   t h e   c o m b u s t o r   i n l e t   a i r   t e m p e r a t u r e   i s  833K (15OOOR) and  the   p ressure   i s  

40 N/cm ( 4  a tmospheres ) ,   cons t i t u tes   one   o f   t he   more   c r i t i ca l   phases   o f   t he  

o v e r a l l   e m i s s i o n   c o n t r o l   p r o b l e m .  The ext remely  h igh  combustor   temperatures 

c o r r e s p o n d i n g   t o   t h i s   c o n d i t i o n   e x a c e r b a t e   t h e   p r o b l e m   o f   c o n t r o l l i n g   t h e   p r o -  

d u c t i o n   o f   n i t r o g e n   o x i d e s " .   M o r e o v e r ,   t h e   f a c t   t h a t   s u p e r s o n i c   c r u i s e   o c c u r s  

a t   h i g h   a l t i t u d e   i n t e n s i f i e s   t h e   i m p o r t a n c e   o f  N O  c o n t r o l  due t o   t h e   p o t e n -  

t i a l l y   a d v e r s e   a f f e c t   o f  NOx emiss ions   on   the   s t ra tospher ic   ozone  layer .  

2 

A 

X 

A number o f   t echn iques   have  been  proposed f o r   l i m i t i n g   t h e   p r o d u c t i o n   o f  

NOx i n  gas tu rb ine   combustors .   Severa l  o f  these  ( lean   p r imary   zone,   rap id  

quench,  two  stage  combustion)  have shown cons iderab le   p romise  when inco rpo ra ted  

i n t o   o p e r a t i n g  gas t u r b i n e s  and  have  reduced NOx e m i s s i o n   l e v e l s   t o   t h e   o r d e r  

o f  4 g-NO /kg- fue l   (References  1-3) w i t h   c o m b u s t i o n   e f f i c i e n c i e s   o f   a t   l e a s t  

99%. However, t he   t echn ique   wh ich  has   demonst ra ted   the   most   impress ive   ab i l i t y  

t o   r e d u c e  NO e m i s s i o n   i s   t h a t   o f   p r e m i x e d   c o m b u s t i o n   w h i c h ,   i n   f l a m e   t u b e   e x -  

per iments  (References 4 - 6 ) ,  has  achieved  emission  levels  as  low  as 0.2 g-NO /kg- 

f u e l   a t   t h e   s u p e r s o n i c   c r u i s e   c o n d i t i o n   w i t h  99% c o m b u s t i o n   e f f i c i e n c y .  To da te ,  

premixed  combustion has n o t  been i n c o r p o r a t e d   i n t o   a n   o p e r a t i n g  gas tu rb ine   en -  

g ine .  

2 

X 

2 

In   work   pe r fo rmed   recen t l y   a t   Genera l   App l i ed   Sc ience   Labora to r ies ,   I nc . ,  

(References 6 and 7) a number o f   p remix ing   combus to r   des igns   were   t es ted   a t  

t h e . s u p e r s o n i c   c r u i s e   c o n d i t i o n   t o   d e t e r m i n e   t h e   e f f e c t   o f   p r e m i x i n g   q u a l i t y  

on  combustor   emiss ion  leve ls .  One p a r t i c u l a r   d e s i g n ,   u t i l i z i n g   t h e   n o r m a l  

i n j e c t i o n   o f   l i q u i d   f u e l   t h r o u g h  a number o f   o r i f i c e s  mounted f l u s h   w i t h   t h e  

w a l l s   o f  a p r e m i x i n g   t u b e ,   p r o d u c e d   p a r t i c u l a r l y   l o w   l e v e l s   o f  NO CO and  un- 
X '  

"NO and NO2, t h e  sum o f   w h i c h   i s   g e n e r a l l y   d e s i g n a t e d  as NO . 
X 
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burned  hydrocarbons (UHC). As a r e s u l t ,  it i s   p o s s i b l e   t h a t   t h i s   c o n c e p t  can 

se rve   as   t he   ke rne l  o f  a second  generat ion  low  emiss ion  combustor   des ign.  How- 

ever ,   be fore   such a  scheme c a n   b e   c o n s i d e r e d   f o r   i n t e g r a t i o n   w i t h i n   a n   o p e r a t i n g  

e n g i n e , a d d i t i o n a l   i n f o r m a t i o n   i s   r e q u i r e d   r e g a r d i n g   i t s   p e r f o r m a n c e   a t   c o n d i t i o n s  

o t h e r   t h a n   t h e   s i n g l e   p o i n t   a t   w h i c h   t e s t s   w e r e   c o n d u c t e d .   I n   t h i s   e x p e r i m e n t ,  

two s p e c i f i c   p e r f o r m a n c e   c h a r a c t e r i s t i c s   w e r e   a s c e r t a i n e d .   F i r s t ,   t h e   v a r i a -  

t i o n   o f  NOx, C O  and UHC emiss ion   l eve l s   w i th   combus to r   en t rance   t empera tu re   and  

pressure.  Second, whether   the   concept   cou ld   be   used  a t   the   h igh   p ressures   and 

tempera tu res   encoun te red   i n   t akeo f f   and   c l imb-ou t   w i thou t   encoun te r ing   f l ash -  

back o r   a u t o i g n i t i o n   i n   t h e   p r e m i x i n g   t u b e .  

T h i s   r e p o r t   p r e s e n t s   t h e   r e s u l t s   o f  an exper imen ta l   p rog ram  i n   wh ich   t he  

GASL n o r m a l   i n j e c t i o n   p r e m i x i n g   b u r n e r  was opera ted   over  a range o f  tempera- 

tures  between 700K and 1000K a t   p r e s s u r e s   o f  40, 80,  120  and  240 N/cm . The 

combus to r   re fe rence   ve loc i t y ,   de f i ned   as   t he  mass f l o w   r a t e   d i v i d e d   b y   t h e  ccm- 

b u s t o r   e n t r a n c e   d e n s i t y  and maximum c ross   sec t i ona l   a rea  was h e l d   c o n s t a n t   a t  

43 m/sec  (150 f t / s e c ) .  The  combustor   sec t ion   o f   the   f lame  tube  appara tus  was 

15.2 cm (6- inches)   in   d iameter   and 46 cm ( 1 8 - i n c h e s )   i n   l e n g t h .  The Mach num- 

b e r   i n   t h e   m i x e r   t u b e ,   w h i c h   v a r i e d   s l i g h t l y   w i t h   e n t r a n c e   t e m p e r a t u r e   t o   m a i n -  

t a i n  a f i x e d   r e f e r e n c e   v e l o c i t y ,  was 0.25 a t   t h e   s u p e r s o n i c   c r u i s e   t e m p e r a t u r e  

(833K)  w h i c h   i s   r e p r e s e n t a t i v e   o f   t h e   c o m p r e s s o r   e x i t  Mach number. The flame 

tube  appara tus   represents   the   p r imary   zone  o f  a combustor   w i thout   secondary   a i r  

d i l u t i o n .   C o n s e q u e n t l y ,   t h e   e x i t   t e m p e r a t u r e s   a r e   h i g h e r   t h a n   t h o s e   f o r  a corn- 

p le te   combus to r .  

2 

TEST  APPARATUS AND PROCEDURES 

Combustor  Test  Rig 

T h e   c o m b u s t o r   t e s t   a p p a r a t u s   i s   i l l u s t r a t e d   i n   F i g u r e  ( 1 ) .  Heated a i r  

e n t e r s   t h e  8.9 cm d iamete r   m ix ing   duc t   t h rough  a b e l l  mouth t r a n s i t i o n   f r o m  

an  upstream  plenum  chamber.  Fuel i s   i n j e c t e d   t h r o u g h  a s e t   o f   f l u s h  mounted 

w a l l   o r i f i c e s   l o c a t e d  15 cm f rom  the   en t rance  face .  The f u e l  and a i r   m i x  and 

f l o w   t h r o u g h   t h e   p r e m i x i n g   d u c t   a t  a v e l o c i t y   o f  135  m/sec  and  over a 10' h a l f  

angle,   ho l low-based,   conica l   f lameholder   suppor ted  by  four   ho l low-based  s t . ru ts  

a t   t he   combus to r   en t rance   s ta t i on .  The mixer  duct   d iameter  expands  by 64% from 

2 



Combustor 1 
r F u e l   r L i n e r   C o o l   i n g  A i r  

Aerodynamic 
Valve A i r  1 

U 
” I -bp 46 cm 

FIGURE 1 .  COMBUSTION  TEST  APPARATUS 

t h e   t i p   o f   t h e  cone t o   t h e   c o m b u s t o r   e n t r a n c e   s t a t i o n  t o  p r o v i d e  some d i f f u s i o n  

o f   t h e   h i g h   v e l o c i t y   a i r   i n   o r d e r   t o   r e d u c e   s t a g n a t i o n   p r e s s u r e   l o s s e s   a s s o c i a t e d  

w i t h   t h e  sudden  expansion  and  combustion  which  occurs  downstream. The d e t a i l s  

o f   t h e   f l a m e h o l d e r   s e c t i o n   a r e  shown i n   F i g u r e   ( 2 ) .  

The combustor   f lame i s  a n c h o r e d   b y   t h r e e   c o n n e c t e d   r e c i r c u l a t i o n   r e g i o n s :  

( i )  t h e  5.1 cm d i a m e t e r   f l a m e h o l d e r   b a s e ,   ( i i )   t h e  1.3 cm s t r u t s ,  and ( i i i )   t h e  

s e p a r a t e d   f l o w   a t   t h e  1.9 cm a n n u l a r   s t e p   a t   t h e   c o m b u s t o r   e n t r a n c e .  The corn- 

b u s t o r  i s  c y l i n d r i c a l   w i t h  a d i a m e t e r   o f   1 5 . 2  cm and a l e n g t h   o f  46 cm. The com- 

b u s t o r   e x i t   s t a t i o n   i s   e q u i p p e d   w i t h  a w a t e r   c o o l e d   c r u c i f o r m   r a k e   c o n t a i n i n g  

s i x t e e n   s a m p l i n g   p o r t s   l o c a t e d   a t   t h e   c e n t e r s   o f   e q u a l   f l o w   a r e a s .  The  legs o f  

t h e  sampl i n g   r a k e   a r e   o f f s e t   b y  45O f r o m   t h e   l e g s   o f   t h e   f l a m e h o l d e r .  A hydrogen- 

a i r  gas i g n i t e r   i n i t i a t e s   c o m b u s t i o n   a t  a p o i n t   j u s t  downstream o f   t h e   a n n u l a r  

s t e p   a n d   i s   s h u t   o f f   o n c e   i g n i t i o n   i s   a c h i e v e d .  

3 
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Th e d e t a i l s   o f   t h  

F IGURE 2. FLAMEHOLDER DETAILS 

e f u e l   i n j e c t i o n   a s s e m b l y   a r e   i l l u s t r a t e d   i n   F i g u r e  ( 3 )  

T w e l v e   f l u s h   m o u n t e d   o r i f i c e s   a r e   s e t   i n t o  a r i n g   p l e n u m   a n d   s p r a y   f i n e   j e t s  

o f   f u e l   a c r o s s   t h e   m i x e r   a i r s t r e a m .  Each t r a n s v e r s e   j e t   o f   f u e l   i s   a t o m i z e d  

by t h e   s h e a r   o f   t h e   s u r r o u n d i n g   a i r   t o   c r e a t e  a s h e e t   o f   f i n e   d r o p l e t s   w h i c h  

need o n l y   d i f f u s e   t h r o u g h   t h e   s m a l l   l a t e r a l   d i s t a n c e   b e t w e e n   a d j a c e n t   s h e e t s   t o  

m i x   c o m p l e t e l y .   T h e   f u e l   i n j e c t i o n  scheme i s   s i m p l e  and o f f e r s   t h e   s u b s t a n t i a l  

advantages   o f  a good i n i t i a l   d i s p e r s i o n   o f   t h e   l i q u i d  and  an  aerodynamical ly  

c lean   m ixe r   t ube .  As w i t h   a n y   s i m p l e   p r e s s u r e   a t o m i z a t i o n   s y s t e m ,  i t  s u f f e r s  

f r o m   t h e   d i s a d v a n t a g e   o f   c o u p l i n g   t h e   f u e l   d i s t r i b u t i o n   p a t t e r n   w i t h   t h e   f l o w  

r a t e .   T h i s   c o u p l i n g  comes f r o m   t h e   f a c t   t h a t   t h e   p e n e t r a t i o n   o f  a f i x e d   d i a -  

m e t e r   t r a n s v e r s e   l i q u i d   j e t   i s   v e r y   n e a r l y  a l i n e a r   f u n c t i o n   o f   t h e   j e t  mass 

f l o w .  As a r e s u l t ,   t h e   d e g r e e   o f   p r e m i x i n g   w h i c h   c a n  be  produced f a l l s   o f f  

somewhat  as t h e   e q u i v a l e n c e   r a t i o   d e c r e a s e s .  

4 
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FIGURE 3 .  FUEL  INJECTOR  ASSEMBLY 

S ince   tes ts   were   conducted   a t  a c o n s t a n t   r e f e r e n c e   v e l o c i t y ,   t h e   a i r  mass f l o w  

va r ied   by  a f a c t o r   o f   s i x  be tween  tes ts   conducted   a t   the   lowest   to ta l   p ressure  

( 4 0  N/cm ) and  those  conducted a t   t h e   h i g h e s t  (24'0 N/cm ) .  The mass f l o w   o f   f u e l  

through a f i x e d   d i a m e t e r   o r i f i c e   v a r i e s   w i t h   t h e   s q u a r e   r o o t   o f   t h e   o r i f i c e   p r e s -  

sure  drop. As a r e s u l t ,   u s i n g   t h e  same f u e l   o r i f i c e   d i a m e t e r  for  t e s t s   a t   a l l  

pressures  would be i m p r a c t i c a l .   T h e r e f o r e ,   t h e   o r i f i c e   d i a m e t e r  was he ld   cons tan t  

fo r  a l l   t e s t s   a t   t h e  same t o t a l   p r e s s u r e   b u t   v a r i e d  when the   p ressure   leve l   and 

t o t a l  mass f low were  changed.  The f u e l   o r i f i c e   d i a m e t e r s   u s e d   a r e   l i s t e d   i n  

Table I .  W i t h i n   t h e   c o n s t r a i n t s  o f  s t a n d a r d   d r i l l   s i z e s   t h e   o r i f i c e   a r e a  was 

v a r i e d  i n  d i r e c t   p r o p o r t i o n  t o  t h e  mass f low.  

2 2 

The apparatus was cons t ruc ted   us ing  a heavy   ou te r   she l l  f o r  p ressure   con ta in -  

ment  and a l i g h t e r   s t a i ' n l e s s   s t e e l   l i n e r  t o  reduce  the   thermal   s t ress  on the   p res-  



TABLE I 

FUEL ORIFICE DIAMETER 

To ta l   P ressu re  
( N/cm2) 

40 

80 

120 

240 

To ta l   Tempera tu re   Or i f i ce   D iamete r  
(K) (mm) 

All l e v e l s   t e s t e d  

All l e v e l s   t e s t e d  

A l l  l e v e l s   t e s t e d  

A l l  l e v e l s   t e s t e d  

0.40 

0.56 

0.66 

0.94 

sure   vesse l .  The  gap  between t h e   p r e s s u r e   s h e l l   a n d   t h e   l i n e r  was s e a l e d   i n   t h e  

m i x e r   s e c t i o n   t o   i n s u l a t e   a n d   m i n i m i z e   h e a t   l o s s e s .   I n   t h e   c o m b u s t o r   s e c t i o n ,  

c o l d   a i r  was i n j e c t e d   i n t o   t h e  gap  between t h e   l i n e r  and   t he   p ressu re   wa l l  as a 

means o f   l i m i t i n g   l i n e r   t e m p e r a t u r e  a n d   p r e v e n t i n g   m e c h a n i c a l   f a i l u r e .   D u r i n g  

o p e r a t i o n ,   t h e   m i x e r   w a l l   t e m p e r a t u r e  was approx ima te l y  50 K lower   than  the   burner  

i n l e t   a i r   t e m p e r a t u r e  and  the   combustor   l iner   tempera ture  was approx imate ly   con-  

s t a n t   a t  a t e m p e r a t u r e   o f  1000 K, v a r y i n g  somewhat w i t h   e q u i v a l e n c e   r a t i o .  

The e x i t   o f   t h e   c o m b u s t i o n   a p p a r a t u s   i s  a c h o k e d   o r i f i c e ,   s i z e d   t o   p r o d u c e  

a s t a g n a t i o n   p r e s s u r e   o f   a p p r o x i m a t e l y  75% o f   t h e   d e s i r e d   l e v e l   a t   t h e   d e s i g n  

mass f l o w .  The  combustor l i n e r   c o o l i n g   a i r   i s  added to   t he   combus to r   exhaus t  

gas  along w i t h  a s e p a r a t e l y   c o n t r o l l e d   q u a n t i t y   o f   a i r   w h i c h   i s   i n j e c t e d   j u s t  up- 

s t r e a m   o f   t h e   e x i t   o r i f i c e .  The  amount o f   a d d i t i o n a l   a i r  added  upstream o f   t h e   e x i t  

o r i f i c e   i s   c o n t r o l l e d   t o   p r o d u c e   t h e   d e s i r e d   c o m b u s t o r   e n t r a n c e   s t a g n a t i o n   p r e s -  

sure .   Th is   aerodynamic   va lve   p rov ides  a  means o f   m a i n t a i n i n g   c o n s t a n t   c o m b u s t o r  

p ressu re   as   equ iva lence   ra t i o   and   en t rance   t empera tu re   a re   va r ied .  

Fuel   System  and  Propert ies 

L i q u i d  JP-5 f u e l   i s   s t o r e d   i n  a t a n k   w h i c h   i s   p r e s s u r i z e d   w i t h   n i t r o g e n  and 

connec ted   t o   t he   appara tcs th rough  a c a v i t a t i n g   v e n t u r i  and   t u rb ine   f l ow   me te rs .  

The f l o w   r a t e   i s  a f u n c t i o n   o f   t h e   u p s t r e a m   p r e s s u r e   w h i c h   i s   c o n t r o l l e d   b y   a n   i n -  

l i n e   r e g u l a t o r .  A p h y s i c a l   a n a l y s i s   o f   t h e  JP-5  used i s   p r e s e n t e d   i n   T a b l e  1 1 .  

6 



TABLE I I 

JP-5 PHYSICAL  ANALYSIS 

S p e c i f i c   g r a v i t y   a t  288K (6OoF) 

F l a s h   p o i n t ,  PM 

Pour   po in t  

V i s c o s i t y   a t  310K (10OOF) 

I n i t i a l   b o i  1 i n g   p o i n t  

10% D i s t i  1 l a t e  

20% D i s t i l l a t e  

50% D i s t i l l a t e  

90% D i s t i  1 l a t e  

F i n a l   b o i l i n g   p o i n t  

Res idue, by  vo l  ume 

0.815  (42.1 deg. A.P. I . )  

329K ( 1  34OF) 

277K (-SOOF) 

1.5 x 10 m /sec (31  sec. S.S.U.)  

452K  (355OF) 

469K (385OF) 

477K (4OOOF) 

499K (44OOF) 

544K ( 520°F) 

555K (540OF) 

3% 

-6 2 

Ins t rumenta t ion  

A 0.3 cm t h i c k  (12% blockage)  rake  spans  the  combustor  entrance  duct  and  de- 

f i nes   m ixe r   s tagna t ion   p ressu re  and  tempera ture .   S ta t i c   p ressure   taps  and l i n e r  

sur face   thermocoup les   a re   p rov ided  a long  the   wa l ls  o f  the   appara tus .   F igure  (4 )  

FIGURE 4. COMBUST I ON APPARATUS - I NSTRUMENTATI ON STAT1 ONS DENOTED BY TRIANGLES - 
CIRCLED DIMENSIONS ARE AXIAL DISTANCE FROM  ENTRANCE I N  CENTIMETERS 
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summar i zes   t he   i ns t rumen ta t i on   l oca t i ons   and   d imens ions   o f   t he   bas i c   con f i gu ra -  

t ions.  

A s i x t e e n   p o i n t   c r u c i f o r m   s a m p l i n g   r a k e   i s   l o c a t e d   a t   t h e   c o m b u s t o r   e x i t  

s t a t i o n .  The rake i s  c o n s t r u c t e d   o f   s t a i n l e s s   s t e e l  and i s  cooled  by  an  in-  

t e r n a l   f l o w  o f  water   wh ich   i s   d ischarged  downst ream  to   coo l   the   combustor   ex -  

haust  gas. The s i x t e e n   i n d i v i d u a l   p o r t s   a r e   l o c a t e d   o n   f o u r   s t r u t s   a t   t h e  

c e n t e r   o f   e q u a l   f l o w   a r e a s   a n d   a r e   m a n i f o l d e d   e x t e r n a l l y  t o  provide  an  average 

gas  sample f o r   c h e m i c a l   a n a l y s i s .  

The gas  sampling  system i s  shown s c h e m a t i c a l l y   i n   F i g u r e  ( 5 ) .  The sampl ing 
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FIGURE 5. SAMPLING SYSTEM SCHEMATIC 
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m a n i f o l d   i s   c o n n e c t e d   b y  a 6.4 mm ( 1 / 4 - i n c h )   s t a i n l e s s   s t e e l   l i n e  to  a h i g h   f l o w  

p ressu re   regu la to r   and  dump va lve .  The  sample ,   co l lec ted   a t   the   combustor   s tag-  

n a t i o n   p r e s s u r e   i s   r e g u l a t e d  down t o  a p r e s s u r e  o f  2x105 N/m (2   a tm)  before  be-  

i n g   d i v i d e d   b y  a s e t   o f   m e t e r i n g   v a l v e s   i n t o   f o u r   i n d i v i d u a l   s t r e a m s .  The sample 

1 i n e   i s   h e a t e d   t o  a temperature of  450K (35OOF) up t o  a Beckman Model  402 hydro- 

carbon  ana lyzer   wh ich   accepts   one o f  these  s t reams:   the  remain ing  three  sample 

s t r e a m s   a r e   a l l o w e d   t o   c o o l   t o  365K (195OF).  The  sample 1 i n e   i s   h e a t e d  by  wrap- 

p i n g  i t  w i t h  a n   a s b e s t o s   c l o t h   r e s i s t a n c e   h e a t e r  and enc los ing   t he   assemb ly   w i th  

a f i b e r g l a s s / p l a s t i c  foam i n s u l a t i n g   s h e a t h .  One o f   t h e  sample  streams i s  passed 

th rough a Beckman Model 951 NO/NOx analyzer  (chemi  luminescence).   Another  leads 

t o  a  Beckman Model 864 i n f r a r e d   a n a l y z e r  (C02) , a Beckpan  Hodel  742  oxygen  ana- 

l y z e r   ( P o l a r o g r a p h i c )  and a Beckman Model  3156 i n f r a r e d   a n a l y z e r  ( C O ) ,  connected 

i n   s e r i e s .  The l a s t   l i n e   i s  used  as a  dump. F low  ra tes   th rough  the   sys tem  a re  

kep t   h igh   by   max im iz ing   t he  amount o f  sample dumped b o t h  up  and  downstream o f  

t h e   p r e s s u r e   r e d u c t i o n   r e g u l a t o r .   C a l i b r a t i o n  gas i s  in t roduced  th rough a t h r e e  

way va l ve   l oca ted   j us t   downs t ream  o f   t he   samp le   man i fo ld .   Ze ro  gas f o r   t h e   o x y -  

gen, C O  and C O  a n a l y z e r s   ( d r y   n i t r o g e n )   e n t e r s   t h r o u s h  a t h r e e  way v a l v e   l o c a t e d  

upstream o f  t h e   s e t  o f  m e t e r i n g   v a l v e s .  The NO/NO and  hydrocarbon  analyzers 

p r o v i d e   i n t e r n a l   s o u r c e s   o f   z e r o   g a s .  Gas ana lys is   p rocedures  and da ta   reduc t i on  

equa t ions   were   i n   acco rdance   w i th  ARP 1256,  Reference  (2).  The da ta   reduc t i on  

procedures   and  ins t rument   ca l ib ra t ion   curves   a re   p resented   in   Append ix  A .  

2 

2 

X 

Test  Procedure 

The exper imen ts   were   ca r r i ed   ou t   us ing   t he   pebb le  bed  blow-down f a c i l i t y   o f  

Genera l   Appl ied  Sc ience  Laborator ies,   Inc. ,  whose pe r t i nen t   conponen ts   a re  i l l u s -  

t r a t e d   i n   F i g u r e  ( 6 ) .  Mechanical  compressors f i l l  a bank o f   s t o r a g e   b o t t l e s   w i t h  

a i r   a t  a p ressu re   on   t he   o rde r  o f  l o 3  N/cm . The a i r   i s   d r i e d   p r i o r   t o   s t o r a g e  

and c o n t a i n s   l e s s   t h a n  Z X ~ O - ~  k g   o f   w a t e r   p e r   k g   o f   a i r .  Priqr t o  a t e s t ,  a bed 

o f  a l u m i n u m   o x i d e   p e b b l e s   i s   h e a t e d   b y   e l e c t r i c   g l o w - l i a r s   t o  a p rese t   tempera ture .  

A i r  f rom  the   s to rage  bank  i s  passed  th rough  the   bed  o f   heated   pebb les  and i n t o   t h e  

combust ion  apparatus.  

2 

As w i t h  any  blow-down f a c i l i t y ,   t e s t   t i m e  was l i m i t e d  by  the  heat   s torage 

c a p a c i t y   o f   t h e   p e b b l e   b e d  and t h e   a i r   s t o r a g e   c a p a c i t y   o f   t h e   t a n k s .   F o r   t h e s e  

3 
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FIGURE 6. SCHEMATIC OF GASL  PEBBLE BED COMBUSTION  TEST FACILITY 

tes ts ,hea t   s to rage   capac i t y  was t h e   l i m i t i n g   q u a n t i t y .   F o r   t e s t s   a t  a p ressure  

o f  40 N/cm , the  pebble bed o u t l e t   t e m p e r a t u r e   h o l d s   w i t h i n  + 6K ( l O O R )  l i m i t s  

fo r   over   th ree   minu tes .   S ince   the  gas analysis  system  response  t ime i s  approx i -  

m a t e l y   t h i r t y  seconds, cond i t i ons   f o r   each   t es t   po in t   ve re   he ld   s teady  for one 

minute.  As a r e s u l t ,   t h e   p e b b l e  bed temperature was C e n e r a l l y   f i x e d   a t   t h e  de- 

s i r e d   v a l u e  and a sequence o f   d a t a   p o i n t s   t a k e n   a t   v a r i o u s   e q u i v a l e n c e   r a t i o s .  

The pebble bed would  then  be  al lowed t o   c o o l   f o r   s e v e r a l   m i n u t e s  and a  new se- 

quence o f   d a t a   p o i n t s   t a k e n   a t   t h e   l o w e r   i n l e t   a i r   t e m p e r a t u r e .  A s i m i l a r   p r o -  

cedure was f o l l o w e d   a t   p r e s s u r e s   o f  80 N/cm2, w i t h   l e s s   p o i n t s   t a k e n   i n   e a c h   r u n .  

2 
- 

For   t es ts   conduc ted   a t  a p r e s s u r e   o f  120 N/cm2 the  pebble bed o u t l e t  tempera- 

t u r e   w o u l d   d r o p   a t  a r a t e   o f   a p p r o x i m a t e l y  12K per   minute.   For   these  tests ,  

e q u i v a l e n c e   r a t i o  was h e l d   c o n s t a n t   d u r i n g   t h e   d a t a   i n t e r v a l  and the  temperature 

was a l l o w e d   t o   d r o p .  The t e m p e r a t u r e   v a r i a t i o n   o v e r   t h e   t h i r t y  second  sample 

a n a l y s i s   t i m e  was - + 3 K  about  the mean v a l u e   a s s i g n e d   t o   t h e   d a t a   p o i n t .  

A t  a pressure o f  240 N/cm2 the  system mass f l o w  was such  as to  cause a tem- 

pe ra tu re   d rop  o f  approx imate ly  10K i n   t h i r t y  seconds.  Tests a t   t h i s   p r e s s u r e   l e v e l  

produced  only  one  data  point   per  run.  
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I 

D I SCUSS I ON OF RESULTS 

A u t o i g n i t i o n  

One o f   t h e   p r i n c i p a l   c o n c e r n s   r e g a r d i n g   t h e   a p p l i c a t i o n   o f   p r e m i x e d  combus- 

t i o n  t o  gas t u r b i n e   e n g i n e s   i s   t h e   p o s s i b i l i t y   o f   p r e m a t u r e   c o m b u s t i o n   i n   t h e  

m i x i n g   d u c t .   T h i s   p o s s i b i l i t y   a r i s e s   f r o m   t h e   f a c t   t h a t   t h e   t e m p e r a t u r e   a t   t h e  

combustor  entrance i s  a b o v e   t h e   a u t o i g n i t i o n   p o i n t   f o r   m o s t   f u e l s .   I n   p r i n c i p l e ,  

a u t o i g n i t i o n   c a n  be a v o i d e d   b y   l i m i t i n g   t h e   r e s i d e n c e   t i m e   i n   t h e   m i x i n g   d u c t  t o  

a v a l u e   l e s s   t h a n   t h e   m i x t u r e   i g n i t i o n   d e l a y   t i m e .  The  degree o f   u n c e r t a i n t y   a s -  

s o c i a t e d   w i t h   a v a i l a b l e   i g n i t i o n   d e l a y   d a t a  and t h e   f a c t   t h a t   l o c a l   e q u i v a l e n c e  

r a t i o ,   w h i c h   s t r o n g l y   i n f l u e n c e s   i g n i t i o n   d e l a y ,   v a r i e s   a l o n g   t h e   l e n g t h   o f   t h e  

m i x i n g   d u c t  makes a n   a c c u r a t e   p r e d i c t i o n   o f   i g n i t i o n   d e l a y   e x t r e m e l y   d i f f i c u l t .  

Therefore,  an impor tan t   by -produc t   o f  any  premixed  combustion  experiment  is a 

de terminat ion   o f   whether   the   dev ice   can   be   opera ted   a t   s teady   s ta te   over  an  ex- 

t ended   p ressu re   range   w i thou t   au to ign i t i on   o r   f l ashback .  

The premix ing  combustor   tested  here was opera ted   ex tens i ve l y  a t  a pressure 

o f  40 N/cm w i t h o u t   e x p e r i e n c i n g   a u t o i g n i t i o n ,   e i t h e r   i n   t h e   m i x i n g   d u c t   ( r e s i -  

dence  time 4 msec) o r   in   the   combustor   sec t ion .   Combust ion  had t o  be i n i t i a t e d  

by t h e   u s e   o f  a smal l   hydrogen/a i r  gas i g n i t e r   p l a c e d   i n   t h e   s e p a r a t e d   f l o w  down- 

s t ream  of   the  combustor   ent rance  s tep.  Once l i t ,  the  combustor  f lame  cont inued 

b u r n i n g   w i t h o u t   t h e   c o n t i n u e d   u s e   o f   t h e   i g n i t e r  

2 

When the  combustor   pressure  leve l  was increased t o  80 N/cm , the   m ix tu re  2 

a u t o i g n i t e d   i n   t h e   c o m b u s t o r   s e c t i o n   a t   i n l e t   t e m p e r a t u r e s   i n   e x c e s s  of 850K. 

I n   genera l ,   no   t empera tu re   r i se  was d e t e c t e d   i n   t h e   m i x i n ?   d u c t .  However, a f t e r  

a r o u t i n e   i n s p e c t i o n  and  reassembly o f   t h e   a p p a r a t u s ,   a u t o i q n i t i o n   o c c u r r e d   i n  

the   m ix ing   duc t   j us t   downs t ream  o f  a s l i p   j o i n t   c o n n e c t i n g   t h e   c y l i n d r i c a l   s e c -  

t i o n   o f   t h e   m i x e r  w i t h  the  expanding  sect ion  surrounding  the  f lameholder   cone.  

A n e a r l y   i d e n t i c a l   s i t u a t i o n  was e n c o u n t e r e d   a t  a p r e s s u r e   o f  120 N/cm , 2. 

s a t i s f a c t o r y   o p e r a t i o n   i n   t h e   m i x i n g   d u c t  and a u t o i g n i t i o n   i n   t h e   c o m b u s t o r  

making  the  use  o f   the gas ign i te r   unnecessary .  As  a t   t he   l ower   p ressu re ,  one 

i n c i d e n t   o f   a u t o i g n i t i o n   o c c u r r e d   a t   t h e   s l i p   j o i n t   f o l l o w i n g  a rou t ine   inspec-  

t i o n  and  reassembly. A c l o s e   i n s p e c t i o n   o f   t h e   a p p a r a t u s   f o l l o w i n g   t h i s   i n c i d e n t  

revea led   tha t   m isa l ignment  o f  t h e   s l i p   j o i n t  upon  reassembly  produced a s tep  on 

1 1 



one s i d e   o f   t h e   m i x e r .   S i n c e   s u c h  a s tep   c rea tes  a r e g i o n   o f   l o c a l   s e p a r a t i o n  

and r e c i r c u l a t i o n ,   i t s   a b i l i t y  to p r o v i d e   s u f f i c i e n t   r e s i d e n c e   t i m e   f o r   a u t o -  

i g n i t i o n   i s   u n d e r s t a n d a b l e .   A f t e r  a c a r e f u l   r e a s s e m b l y ,   f u r t h e r   i n c i d e n t s  o f  

a u t o i g n i t i o n   w e r e   n o t   e x p e r i e n c e d   a t   t h e  120 N/cm2 p r e s s u r e   l e v e l .  

A1 1 a t t e m p t s   t o   o p e r a t e   a t  a p r e s s u r e   o f  240 N/cm2 p r o d u c e d   a u t o i g n i t i o n   i n  

t h e   c y l i n d r i c a l   s e c t i o n  o f  the  mixer   tube.  A s u b s t a n t i a l   t e m p e r a t u r e   r i s e  was 

i n d i c a t e d  as e a r l y   a s   s t a t i o n  @ , t h i r t y  one  centimeters  downstream o f   t h e  

f u e l   i n j e c t i o n   s t a t i o n .  As the  mixer   geometry  i s  a e r o d y n a m i c a l l y   c l e a n   i n   t h i s  

r e g i o n ,   t h e   i n a b i l i t y   t o   o p e r a t e   a t  240 N/cm2 i s  a p u r e l y   c h e m i c a l   k i n e t i c   e f -  

f e c t .  I t  i s   l i k e l y   t h a t   t h e   p r o b l e m   c o u l d  be cor rec ted   by   inc reas ing   the   mixer  

t u b e   v e l o c i t y ,   b u t   t h i s  was not   a t tempted  in   the  present   program. 

I n  some premix ing  des igns,  i t  i s   p o s s i b l e   t o   a v o i d   a u t o i g n i t i o n   b u t  en- 

counter  a s i m i l a r   p r o b l e m   a s   t h e   r e s u l t   o f   f l a s h b a c k ,   d e f i n e d  as the  upstream 

propagat ion  o f  a f lame from a s t a b i l i z e d   s o u r c e   i n t o  a combust ib le   m ix tu re .   In  

no  instance was f lashback  observed  in  the  apparatus  tested  here.   Summariz ing,  

an ae rodynamica l l y   c lean   m ixe r   duc t   w i th  a r e s i d e n c e   t i m e   o f  4 msec proved  cap- 

a b l e   o f   o p e r a t i o n   a t   t e m p e r a t u r e s  up t o  920K and  pressures  up t o  120 N/cm2 w i t h -  

o u t   e n c o u n t e r i n g   a u t o i g n i t i o n .  The presence o f  sma l l   r eg ions   o f   separa ted   f l ow  

i n   t h e   m i x e r   l e a d s   t o   p r o b l e m s   o f   a u t o i g n i t i o n .  A t  a p r e s s u r e   o f  240 N/cm , an 

entrance  tercperature  as  low  as 832K p roduced   au to ign i t i on .   I n   no   case   d id   t he  

f l a m e   f l a s h   u p s t r e a m   f r o m   t h e   s t a b i l i z e d   c o m b u s t i o n   z m e   i n t o   t h e   m i x e r   f l o w .  

2 

A l l  raw  and  reduced  data  taken  during  the  test  program i s  tabu la ted ,   a long 

w i t h  the   co r respond ing   t es t   cond i t i ons ,   i n   Append ix  B. For  each  combustor t o t a l  

p ressu re   l eve l ,   t he   da ta   rep resen ts  a t h r e e - d i m e n s i o n a l   a r r a y   w i t h   r e s p e c t   t o   t h e  

two  independent   var iab les,   ent rance  temperature  and  equiva lence  ra t io .  

V a r i a t i o n   o f   E m i s s i o n s   w i t h   E q u i l i b r i u m  Flame  Temperature 

For   the  moment, i t  would  be  more conven ien t  i f  the   da ta   cou ld  be examined i n  

terms o f   o n l y  one  independent   var iab le .   S ince   the   p roduc t ion   o f  NO the   ox ida -  

t i o n  o f  t race   hydrocarbon  spec ies ,   and  the   equ i l ib ra t ion  of C O  a r e ,   t o  a g r e a t  

ex ten t ,   pos t   f lame  reac t ions ,   the   ad iabat ic   f lame  tempera ture ,   wh ich  i s  a func- 

t i o n   o f   b o t h   e q u i v a l e n c e   r a t i o  and entrance  temperature,  assuming 100 percent 

X ’  
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e f f i c i e n c y ,  seems  a p a r t i c u l a r l y   a t t r a c t i v e   p o t e n t i a l   c o r r e l a t i o n   p a r a m e t e r .  

F i g u r e  (7 )  p resen ts   t he  measured  emission  index for  o x i d e s   o f   n i t r o g e n   a s  a 

f u n c t i o n   o f   a d i a b a t i c   f l a m e   t e m p e r a t u r e .   A l t h o u g h   t h e   d a t a   a t  40 N/cm2 d i s p l a y s  

a good deal  o f   s c a t t e r ,   t h e   a d i a b a t i c   f l a m e   t e m p e r a t u r e  does  appear t o   c o r r e l a t e  

the   da ta   reasonab ly   we l l .  NO emiss ion  index i s  seen to  be an e x p o n e n t i a l l y   i n -  

c reas ing   f unc t i on   o f   f l ame   tempera tu re   wh ich ,   f o r   t he   range   o f   t empera tu res   be -  

tween 1800K and 2200K covered  here ,   var ies  by  an order  o f  magnitude from 0.2 t o  

2.0 g-N02/kg-fuel. The s e n s i t i v i t y   o f  NO l eve l   t o   f l ame   tempera tu re   appears   t o  

be  approx imate ly   the same a t  40 N/crn2 and 80 N/cm but  decreases somewhat a t  120 

N/cm . The NO emission  index  decreased when the   p ressure  was var ied .  

X 

X 2 

2 
X 

The  reason f o r   t h e   s u b s t a n t i a l   d a t a   s c a t t e r   i n   e v i d e n c e   a t  40 N/cm2 i s   n o t  

c o m p l e t e l y   c l e a r ,   a l t h o u g h   a n   e r r o r   a n a l y s i s   o f   t h e  gas sampl ing  procedure  in-  

d i c a t e s   t h a t   t h e   s c a t t e r  i s  n o t   t h e   r e s u l t  o f  i n s t r u m e n t   e r r o r .  The s c a t t e r   i s  

a l s o   p r e s e n t   i n   c o m b u s t i o n   i n e f f i c i e n c y   i n d i c a t i n g   p o s s i b l e  changes i n   t h e   f u e l  

d i s t r i b u t i o n .  The e x t r e m e l y   s m a l l   f u e l   o r i f i c e   s i z e   e m p l o y e d   i n   t h e   l o w   p r e s -  

s u r e   t e s t   s e r i e s   a l l o w e d   p e r i o d i c   b l o c k a g e   o f  random o r i f i c e s   w h i c h   c o u l d   p o s -  

s i b l y  h a v e   p r o d u c e d   d i f f e r i n g   f u e l   i n j e c t i o n   p a t t e r n s .  I t  i s  a l s o   p o s s i b l e   t h a t  

t h e   s o f t   c o p p e r   s e a l s   a r o u n d   t h e   i n j e c t i o n   o r i f i c e s   a l l o w e d  a degree  of  leakage 

which was s i g n i f i c a n t  compared w i t h   t h e   v e r y   s m a l l   i n j e c t i o n   a r e a  used a t   t h e  

lowest  pressure  and  the  leakage  pattern  changed as the  apparatus was c y c l e d   i n  

temperature. 

The measured  values o f  combus t ion   i ne f f i c i ency  and  hydrocarbon  emission  index 

a r e  shown i n   F i g u r e s  (8) and ( 9 )  as f u n c t i o n s   o f   t h e   a d i a b a t i c   f l a m e   t e m p e r a t u r e .  

Each appears to  be reasonab ly   we l l   represented   as   an   exponent ia l l y   decreas ing  

func t i on   o f   f l ame   tempera tu re .  The combust ion   ine f f i c iency   var ies   be tween 0.5% 

and 1.0% for pressures o f  80 and  120 N/cm . A t  40 N/cm , the   combust ion   ine f -  

f i c i ency   va r ies   be tween  1% and 4%, cons ide rab ly   i n   excess   o f   t he   va lues   repo r ted  

i n  Re fe rence   (1 )   f o r   t he  same c o n d i t i o n s .  The r e a s o n   f o r   t h i s   i n c r e a s e   i n   i n -  

e f f i c i e n c y   a r e   n o t   i m m e d i a t e l y   e v i d e n t ,   b u t  may be r e l a t e d   t o   t h e   s l i g h t l y   e r -  

r a t i c   n a t u r e  o f  the   combust ion   ind ica ted   by   the   degree  o f   sca t te r .  A t  120 N/cm , 
the   combus t ion   i ne f f i c i ency   beg ins   t o   i nc rease   sha rp l y   as   t he   t empera tu re   d rops  

below 1900K, b e h a v i o r   t y p i c a l  o f  i nc ip ien t ,   b lowou t .   Th i s   behav io r   i s   no t   ev iden t  

2 2 
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a t   t h e   l o w e r   p r e s s u r e s .  

F i g u r e  (10) p r e s e n t s   t h e   d i f f e r e n c e   b e t w e e n   t h e   m e a s u r e d   c o n c e n t r a t i o n   o f  

carbon  monoxide  and  the CO c o n c e n t r a t i o n   c o r r e s p o n d i n g   t o   e q u i l i b r i u m   a t   t h e  

p r e s s u r e ,   e q u i v a l e n c e   r a t i o   a n d   a d i a b a t i c   f l a m e   t e m p e r a t u r e   f o r   t h e   t e s t   p o i n t .  

From t h e   d a t a   o f   F i ' g u r e  ( l o ) ,  one  wou ld   conc lude  tha t   the  C O  l e v e l   i s   a p p r o a c h -  

i n g   e q u i l i b r i u m   w i t h   i n c r e a s i n g   r a p i d i t y  as t h e   p r e s s u r e   l e v e l   i n c r e a s e s .  How- 

ever ,  C O  l e v e l s   a t  80 N/cm a r e   b e l o w   e q u i l i b r i u m   f o r   a d i a b a t i c   f l a m e   t e m p e r a -  

tures  above 2000K ( g i v i n g   n e g a t i v e   v a l u e s   o f   s u p e r - e q u i   l i b r i u m   c o n c e n t r a t i o n )  

and t h e  same c o n d i t i o n   e x i s t s   a t  120 N/cm2 a t   f lame  tempera tures   above 1900K. 

2 

I t  i s   l i k e l y   t h a t   t h i s   i s   t h e   r e s u l t   o f   i n a d e q u a t e  sample  quench  rates a t   t h e  

h ighe r   p ressu re   l eve l s   where  CO o x i d a t i o n   r a t e s   a r e   h i g h e r .  

By making  use o f   t h e   c o r r e l a t i o n   w i t h   a d i a b a t i c   f l a m e   t e m p e r a t u r e ,   t h e   d a t a  

can  be  presented  as a f u n c t i o n   o f   t h e   t w o   i n d e p e n d e n t   v a r i a b l e s ,   e q u i v a l e n c e  

r a t i o  and  combustor  entrance  temperature.  To do t h i s ,  we make u s e   o f   t h e   f a c t  

t ha t   em iss ion   da ta   t aken   a t   cons tan t   equ iva lence   ra t i o   (Re fe rence  1 )  shows an 

entrance  temperature  dependence o f   t h e   f o r m  

Rn E i  = A i  + B.T 
1 3  ( 1  1 

I n   t h i s   f u n c t i o n a l   r e l a t i o n s h i p  E .  r e p r e s e n t s   e i t h e r  NO o r  UHC emiss ion  index 

o r   c o m b u s t i o n   i n e f f i c i e n c y ,  T i s   the  combustor   ent rance  temperature  and A and 

B. a r e   c o n s t a n t s   ( o r   f u n c t i o n s   o f   e q u i v a l e n c e   r a t i o ,  4 ) .  T h i s   r e l a t i o n s h i p  can 

be  used t o   c o r r e c t   d a t a   t a k e n   a t  one  temperature,  T3, t o  an e q u i v a l e n t   v a l u e   a t  

another  temperature,  b y   t h e   s i m p l e   r e l a t i o n  

I X 

3 i 
I 

I 

T3 

a Rn Ei 
where B i s   s i m p l y   t h e   l o g a r i t h m i c   d e r i v a t i v e  

aT * 
3 

Us ing   Equat ion  (2) a l l   d a t a   c a n  b e   c o r r e c t e d   t o   t h e   n e a r e s t  100K en t rance  

tempera ture   and  p lo t ted  as a f u n c t i o n   o f   e q u i v a l e n c e   r a t i o .  However, t o  do t h i s  

we r e q u i r e   t h e   v a l u e  of  t h e   d e r i v a t i v e  B .  F o r t u n a t e l y ,   w i t h i n   t h e   r a n g e   o f  en- 

t rance   t empera tu re   and   equ iva lence   ra t i o   cove red   he re ,   t he   ad iaba t i c   f l ame  tern- 
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p e r a t u r e   i s   w e l l   r e p r e s e n t e d  by t h e   l i n e a r   r e l a t i o n  

Combining  Equations (3)  and (l), d i f f e r e n t i a t i n g   a t   c o n s t a n t   e q u i v a l e n c e   r a t i o  

and r e a r r a n g i n g   y i e l d s   t h e   r e s u l t  

B = 0.9 a Iln E 
aT4 

The d e r i v a t i v e   r e q u i r e d   i n   E q u a t i o n  (4 )  i s  s i m p l y   t h e   s l o p e   o f   t h e   c o r r e l a t i o n  

curve a 1 ready  obta i ned. 

V a r i a t i o n  o f  Emissions w i t h  I n l e t  Temperature, 

Equivalence  Rat io,   and  Pressure 

Equation  (2)  has been used t o   a p p l y  a l im i ted   co r rec t i on   t o   t he   reduced   em is -  

s i o n   d a t a   t o   s h i f t   a l l   p o i n t s   t o   t h e   n e a r e s t   m u l t i p l e   o f  one hundred  degrees i n  

entrance  temperature.  The maximum t e m p e r a t u r e   c o r r e c t i o n   i s  50K. The magnitude 

o f   t h e   c o r r e c t i o n   f a c t o r   a p p l i e d   t o   t h e   d a t a   i s  a f u n c t i o n   o f   t h e   s l o p e   o f   t h e  

a d i a b a t i c   t e m p e r a t u r e   c o r r e l a t i o n   c u r v e  and t h e   r e q u i r e d   t e m p e r a t u r e   s h i f t .  How- 

eve r ,   f o r   t he  most sens i t i ve   case  (NO emiss ion   index   a t  a p ressu re   o f  40 N/cm ) 

t he  maximum c o r r e c t i o n   a p p l i e d  amounts t o   l e s s   t h a n  seven  percent o f   f u l l   s c a l e .  

As a r e s u l t ,   t h e   p r o c e d u r e   i s   n o t   h i g h l y   s e n s i t i v e   t o   e r r o r s   i n   t h e   a d i a b a t i c  tem- 

p e r a t u r e   c o r r e l a t i o n .  

2 
X 

F igures ( 1 1 )  through  (13)   present   the  combustor   emiss ion  data,   corrected  to  

t h e   n e a r e s t   m u l t i p l e   o f  100K i n l e t   t e m p e r a t u r e  a s  f u n c t i o n s   o f   i n l e t   t e m p e r a t u r e  

and  equ iva lence  ra t io .   For  a p r e s s u r e   o f  40 N/cm , F igu re  ( 1 1 )  i n d i c a t e s   t h a t  

NO leve l   inc reases  by  an o r d e r   o f   m a g n i t u d e   f o r  a tempera ture   inc rease  o f  200K. 

Combustion i n e f f i c i e n c y  and  hydrocarbon  emission  index  are  both  more  sensi t ive 

t o   i n l e t   t e m p e r a t u r e   l e v e l ,   e a c h   r e q u i r i n g  263K f o r  a decade  increase.  Increas- 

i ng   equ iva lence   ra t i o   p roduces   t he  same r e s u l t  as   inc reas ing   in le t   tempera ture ,  

d r i v i n g  NOx l eve ls   h igher   wh i le   d ropp ing   the   hydrocarbon  emiss ion   index  and com- 

b u s t i o n   i n e f f i c i e n c y .  

2 
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The i n l e t   t e m p e r a t u r e   c o r r e c t i o n   t e c h n i q u e   c a n n o t   b e   a p p l i e d   d i r e c t l y  t o  t h e  

CO em iss ion   i ndex ,   s ince   t h i s  i s  a f u n c t i o n  o f  bo th   ad iaba t i c   f l ame   tempera tu re  

and   equ iva lence   ra t i o .  However, a s u p e r - e q u i l i b r i u m  C O  emission  index  can be 

def ined  based on the   d i f f e rence   be tween  measured CO c o n c e n t r a t i o n  and e q u i l i b r i -  

um c o n c e n t r a t i o n .  The  advantage o f   t h e   s u p e r - e q u i l i b r i u m   i n d e x  it t h a t   s i n c e  i t  

i s   d e r i v a b l e   d i r e c t l y   f r o m   t h e   h y d r o c a r b o n   e m i s s i o n   i n d e x  and the  combust ion  in-  

e f f i c i e n c y  (see  Appendix A) each o f   w h i c h   a r e   i n l e t   t e m p e r a t u r e   c o r r e c t a b l e ,  i t  

t o o   c a n   b e   c o r r e c t e d   f o r   i n l e t   t e m p e r a t u r e   v a r i a t i o n .  The r e s u l t   f o r  40 N/cm 

i s  p r e s e n t e d   i n   F i g u r e   ( l l d ) .  

2 

W i t h   t h e   e x c e p t i o n   o f   t h e   s u p e r - e q u i l i b r i u m  C O  e m i s s i o n   i n d e 4   t h e   s o l i d   l i n e s  

shown i n  each o f   t he   t empera tu re -co r rec ted   da ta   cu rves  o f  F igures  ( 1 1 )  through 

(13 )  a r e   t h e   e q u i v a l e n t   o f   t h e   s o l i d   l i n e s  drawn  through  the  ad iabat ic   f lame tem- 

p e r a t u r e   c o r r e l a t i o n s   p r e s e n t e d   i n   F i g u r e s  ( 7 )  through ( 9 ) .  The s o l   i d  1 ines 

drawn  through  the  super-equi l ibr ium C O  da ta   a re  a t r a n s l a t i o n   o f   t h e   h y d r o c a r b o n  

emiss ion  index a n d   c o m b u s t i o n   i n e f f i c i e n c y   c u r v e s   u s i n g   t h e   d e f i n i t i o n   o f  combus- 

t i o n   i n e f f i c i e n c y   t o   d e r i v e   s u p e r - e q u i l i b r i u m  C O  l e v e l .  I t  i s   i n t e r e s t i n g   t o  

no te   t ha t   t he   da ta   appear   t o  f i t  the   de r i ved   cu rves   reasonab ly   we l l ,   desp i te   t he  

c o n s i d e r a b l e   s c a t t e r   e v i d e n t   i n   t h e   a d i a b a t i c   t e m p e r a t u r e   c o r r e l a t i o n s .  The 

s u p e r - e q u i l i b r i u m  C O  em iss ion   i ndex   i s   no t  a pu re   exponen t ia l   f unc t i on   o f   equ iva -  

l e n c e   r a t i o   a s  i s  t h e   c a s e   f o r   t h e   o t h e r   e m i s s i o n   i n d i c e s   s i n c e   t h e   e q u i l i b r i u m  

CO l e v e l   i s  a f u n c t i o n   o f   e q u i v a l e n c e   r a t i o   a s   w e l l  as ad iabat ic   f lame  tempera-  

t u r e .  

The pr inc ipa l   s ign i f icance  o f   the  two  parameter   combustor   per formance  curves 

o f   F i g u r e s  ( 1 1 )  through ( 1 3 )  i s   t h e i r   u s e f u l n e s s   i n   a d j u s t i n g   t h e   l i n e s  drawn 

t h r o u g h   t h e   a d i a b a t i c   t e m p e r a t u r e   c o r r e l a t i o n s ,   p a r t i c u l a r l y   f o r   t h e   l o w   p r e s -  

su re   cases   where   da ta   sca t te r   wou ld   pe rm i t   cons ide rab le   l a t i t ude   i n   t h i s   rega rd .  

I n t e r e s t i n g l y ,   a n   e r r o r   i n   t h e   s l o p e   o f   t h e   a d i a b a t i c   t e m p e r a t u r e   c o r r e l a t i o n  

r e s u l t s   i n  a v e r t i c a l   s t r e t c h i n g   o f   t h e  t w o  parameter  curves  and a h igh l y   ap -  

parent  mismatch  between  data  points and s o l i d   l i n e s .   I n   t h e   c a s e   o f  CO emis- 

s ion,   the  two  parameter   curves  are  the  on ly  way in   wh ich   t he   da ta   can  be pre-  

sen t e d  . 



CONCLUSIONS 

By us ing   an   ae rodynamica l l y   c lean   m ix ing   duc t  t o  a v o i d   l o c a l   r e g i o n s  o f  

separated f low which  increase  res idence  t ime  above  the 4 msec v a l u e   c h a r a c t e r -  

i s t i c  o f  t h e   b u l k  f low, it has  been p o s s i b l e  t o  o p e r a t e  a premixing  combustor 

a t   p r e s s u r e s   u p  t o  120 N/cm2 and  combustor i n le t   t empera tu res   up  t o  920K w i t h -  

out e n c o u n t e r i n g   a u t o i g n i t i o n   o r   f l a s h b a c k .   A u t o i g n i t i o n   d i d   o c c u r   i n   t h e   m i x -  

i n g   d u c t   a t  a p r e s s u r e  o f  240 N/cm2 and a temperature o f  833K. 

The NO and UHC emiss ion   i nd i ces  and t h e   c o m b u s t i o n   i n e f f i c i e n c y   c o r r e l a t e  

reasonab ly   we l l   w i th   ad iaba t i c   f l ame   tempera tu re .   Ad iaba t i c   f l ame   tempera tu res  

between 1700K and  2200K  produce NOx emission  indices  between  0.2  and  2.0 g-N02/ 

k g - f u e l .  NO l e v e l s   m e a s u r e d   a t   p r e s s u r e s   o f  40, 80 and 120 N/cm v a r y  some- 

what  from  case t o  case.  However,  the  degree o f   p remix ing   p roduced  by   the   normal  

i n j e c t i o n   d e s i g n   a l s o   v a r i e s   a n d   t h i s   e f f e c t   c o u l d   o v e r s h a d o w   t h e   p r e s s u r e   e f -  

f e c t s   o n   r e a c t i o n   k i n e t i c s .   C e r t a i n l y ,  NO l e v e l s   a r e   q u i t e   l o w   a t   e a c h  o f  t h e  

th ree   p ressu res   t es ted .  

X 

2 
X 

X 

A t  p ressures  o f  40 and 80 N/cm , i t  was n o t   p o s s i b l e  to  m a i n t a i n   s t a b l e  2 

combus t i c : .   a t   ad iaba t i c   f l ame   tempera tu res   be low 1700K. A t  a p ressure  o f  
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APPENDIX A 

DATA  REDUCTION PROCEDURES 

The gas a n a l y s i s   i n s t r u m e n t a t i o n   p r o v i d e . r a N   d a t a   i n   t h e   f o r m   o f  volume f r a c -  

t i o n s   o f   t h e   p a r t i c u l a r  gases  being  sampled.  This  raw  data i s   c o n v e r t e d   i n t o   t h e  

more  convenient form o f  emiss ion  index and e q u i v a l e n c e   r a t i o   f o l l o w i n g   t h e   p r o -  

cedures  deta i led  be low.  

Each o f  the  gas ana lys i s   i ns t rumen ts   mus t   be   ca l i b ra ted   i n   o rde r  t o  conver t  

t he   i ns t rumen t   read ing   t o   t he  volume f r a c t i o n  o f  t h e   p a r t i c u l a r  gas  being  analyzed. 

I n   t h e   c a s e   o f   t h e  Beckman Model  402 hydrocarbon  analyzer and the  Beckman Model 

315B CO a n a l y z e r ,   t h i s   c a l i b r a t i o n   i s   a c c o m p l i s h e d  by pass ing  prepared  mix tures 

o f   c a l i b r a t i o n  gas th rough  the   ins t ruments  and e s t a b l i s h i n g   c a l i b r a t i o n   c u r v e s .  

The hydrocarbon  analyzer was c a l i b r a t e d   u s i n g  gas s tandards   con ta in ing  47 ppm, 

91 ppm, 1 1 4  pprn and  269 ppm propane i n   n i t r o g e n .  The ins t rument   ou tpu t  i s  pro-  

p o r t i o n a l   t o   t h e  number o f  carbon  atoms with  hydrogen  bonds. Thus, pure  hydro- 

gen or   pure  carbon will produce  no  response  and a g iven  concent ra t ion   o f   p ropane 

(C H ) will produce  three  t imes  the  response  o f  an   equa l   concent ra t ion   o f  methane 

(CH4).  The  instrument  responds t o   a l l  C-H bonds. As a r e s u l t ,  i t  measures the  

sum o f   bo th   unox id ized  hydrocarbon and pa r t i a l l y   ox id i zed   hyd roca rbon   mo lecu les .  

The i n s t r u m e n t   c a l i b r a t i o n   c u r v e  i s  shown i n   F i g u r e   ( A l ) .  The response i s  l i n e a r  

w i th   hyd roca rbon   concen t ra t i on ,   p resen ted   i n   un i t s  o f  ppmC, t h a t  i s ,  the  number 

o f  hydrogenated  carbon  atoms i n   p a r t s   p e r   m i l l i o n .  

3 8  

C a l i b r a t i o n   o f   t h e  Beckman Model  3158 C O  ana lyzer  was accomplished  using  stan- 

dard  gases  wi th  1530 ppm, 1043 ppm, 605 ppm, 305 ppm and 65 pprn C O  i n   n i t r o g e n .  

The c a l i b r a t i o n   c u r v e  i s  shown in   F igu re   (A2 ) .  

The  gases  used f o r   c a l i b r a t i o n  o f  t h e  Beckman Model 864 C O  analyzer   conta ined 
2 

10.2%,  5.0%  and 2.0% C O  i n   n i t r o g e n .  The a n a l y z e r   c a l i b r a t i o n   c u r v e  i s  s l i g h t l y  

non l i nea r   as  shown i n   F i g u r e   ( A 3 ) .  The Beckman Model 951 NO/NOx analyzer  was 

c a l i b r a t e d   u s i n g   s t a n d a r d s   c o n t a i n i n g  250 ppm, 216 ppm, 104 pprn, 82 ppm and 21 pprn 

NO i n   n i t r o g e n .  The NO analyzer  produces a l inear   response as i l l u s t r a t e d   i n  

F i  gure (Ab) . 

2 
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The  gas ana lys i s   i ns t rumen ts   were   ca l i b ra ted   once   each  week u s i n g   t h e   e n t i r e  

set   of   standard  gases.  Zero  gas  and  span  gas  were  passed  through a l l   i n s t r u m e n t s  

i m m e d i a t e l y   p r i o r   t o   e a c h   l e s t   a n d   t h e   i n s t r u m e n t   o u t p u t   r e c o r d e d   o n   t h e  same 

d a t a   r o l l   w h i c h  was used fo r   t he   subsequen t   t es t   run .  

Conversion o f  the   mo la r   concen t ra t i on   ( vo lume  f rac t i ons )   p rov ided   by   t he   gas  

a n a l y s i s   i n s t r u m e n t a t i o n   i n t o   t h e  more  convenient  terms o f  emiss ion  index  and 

e q u i v a l e n c e   r a t i o   r e q u i r e s  a p r i o r   k n o w l e d g e   o f   t h e   r a t i o  o f  carbon  to   hydrogen 

i n   t h e  system.  This i s   a s c e r t a i n e d   f r o m  a c h e m i c a l   a n a l y s i s   o f   t h e   f u e l   u s e d   i n  

the  exper iments.   For   the JP-5 f u e l   u s e d   h e r e ,   t h e   h y d r o g e n   t o   c a r b o n   r a t i o   i s  

1.92  and t h e   f u e l / a i  r r a t i o   f / a   i s   g i v e n  by  Reference (8) t o  be 

co x + co2 + HC x I O  -4 
f / a  = 

208 - 2.03 x l o m 4  CO - 0.998 C02 

where CO and HC a r e   t h e   m o l a r   c o n c e n t r a t i o n s  o f  carbon  monoxide  and  ur;burned  hydro- 

c a r b o n   i n   u n i t ’ s   o f   p a r t s   p e r  mil? ion (ppm) and ppmC r e s p e c t i v e l y   a n d  C O  i s   t h e  

vo lume  percent   o f   carbon  d iox ide   expressed as a p e r c e n t a g e   o f   t o t a l  gas  volume. 
2 

The e q u i v a l e n c e   r a t i o ,  9 ,  i s   d e f i n e d  as t h e   r a t i o   o f   t h e   a c t u a l   f u e l / a i r   r a t i o  

t o   t h e   s t o i c h i o m e t r i c   f u e l / a i r   r a t i o .   F o r  JP-5, 

The c o m b u s t i o n   i n e f f i c i e n c y ,  C f ,  i s  

CI = 
0.464 C O  + 1 . 1 1  HC x 100 
lo4  co2 + co + HC 

The numera tor   o f   the   second  te rm  represents   the   po ten t ia l   heat   re lease  wh ich  

could be o b t a i n e d   b y   f u r t h e r   o x i d a t i o n   o f  CO to  form C O  and  hydrocarbons  to  form 

H20 and C02. However, a c e r t a i n   l e v e l   o f  CO i s   r e q u i r e d  by   chemica l   equ i l i b r i um 

c o n s i d e r a t i o n s ,   t h i s   l e v e l   b e i n g   w e l l   r e p r e s e n t e d   b y   t h e   f o l l o w i n g   c u r v e  f i t .  

2 
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where p i s   t h e   p r e s s u r e   i n  N/cm2 and T4 i s   t h e   a d i a b a t i c   f l a m e   t e m p e r a t u r e   i n  

degrees  Kelv in.  

S i n c e   t h e   p r o d u c t i o n   o f   t h e   e q u i l i b r i u m  CO l e v e l  does not  imply  combustor  in-  

e f f i c i e n c y ,   t h e   d e f i n i t i o n   o f   p e r c e n t   c o m b u s t i o n   i n e f f i c i e n c y  C I  i s   a l t e r e d  

s l i g h t l y  so t h a t  a p e n a l t y   a c c r u e s   o n l y   f r o m   t h a t   p o r t i o n   o f   t h e   t o t a l  CO produced 

which  exceeds  the  equi l ibr ium  value.  Thus, 

0.464 ( C O - C O  ) + 1.11 HC 
eq C I  = x 100 

co2 + co + HC 

The  measured  volume f ract ions  expressed as ppm o f  CO, hydrocarbons  and NOx a r e  

conver ted   i n to   em iss ion   i nd i ces  (grams o f  component p e r   k i l o g r a m   o f   f u e l )   u s i n g  

the   f o l l ow ing   exp ress ions :  

- C O  ( 1  + f / a )  
E C O  - 1035 f / a  

- HC ( 1  + f / a )  
EHC - 2081 f / a  

N O x ( l  + f / a )  

630  f/a 
E =  

NoX 

In   Equat ion  ( A 7 ) ,  the   mo lecu la r   we igh t   o f  NO i s  t a k e n   t o  be 46. T h i s   r e f l e c t s  
X 

the  assumption  that  a l l  NO p roduced  eventua l l y  becomes NO The emission  index i s  

thus  based on the   mo lecu la r   we igh t   o f   the  NO molecule.  I t  i s  a l s o   c o n v e n i e n t   t o  

d e f i n e  a s u p e r - e q u i l i b r i u m  C O  em iss ion   i ndex ,   s ince   t h i s  i s  r e p r e s e n t a t i v e   o f   t h e  

f i r s t  te rm  in   the   numera tor   o f   the   combust ion   ine f f i c iency   express ion ,   Equat ion  

(Ab). I n   t h i s  case 

2 '  

2 

(A5 
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APPENDIX B 

DATA SUMMARY 

4.5  973  3.2 
4 .4   980  4 .6  
4 .4   982   6 .7  
3 . 8   9 9 4   6 . 7  
4.4  930  3.5 
4.5  945  5.0 
4 . 3  . 967  6.2 
4.8  865  6.0 
4 .3   849  6 .7  
4 .6  308 6 . 3  
4.5  814  6 .6  
4.4  824  5.4 
4 .7  322  6 .0  

4.5  789  4.7 
4 . 6  781 4.6 

4.6  779  5.5 
4.5  767  6.6 
4 .5   737  6 .8  
4 .5  749 6 .9  
4 .4  747 6.6 
4.6 806 6 .7  
4.6 803 7 .2  
4.5 789 6 . 0  
4 .4  782 5 .8  
4.3 769 4 .5  
4 .5  735 6 .1  

4.9 721 6.1 

8 .0  908 5 .7  
3.0 go8 6 . 3  
8.0  908  6.6 

co 
( P P d  

830 
420 

130 
100 

61 0 

230 
760 
540 
530 
900 
830 
650 
775 

1700 
420 

830 
1330 
1510 

1530 
1800 
1030 
1030 
1250 

1350 
1900 
1800 
1800 

60 
40 
35 

H C  

(PPmC) 

283 
248 

135 
143 
582 
31 1 

462 
376 
347 
490 
5 30 
470 
500 

1210 

597 
700 
974 

1070 
1210 

1320 

520 
50 1 

694 
781 

1240 
1210 

1240 

50 
38 
29 

Nox 
( P P d  

3 
25 

103 
99 

4 
37 
61 
15 
22 

1 4  

35 
13 
26 

2 

2 

1 1  

23 
26 
44 

33 
13 
23 

5 
3 
3 
4 
6 

5 
15 
34 

PH I 

0.279 
0.400 

0.576 
0 .575  
0.305 
0 .429  
0.540 
0.520 
0.581 

0.550 
0 .576  
0.469 

0 - 523 
0.423 
0.394 
0.481 
0.581 
0.605 
0.615 

0.592 
0.591 
0.636 
0.529 
0.516 
0.408 
0.543 
0.547 

0.491 

0.539 
0.565 

ENOx 

(!3/kg) 

0.3 
1 .5  
4 .5  
4.3 
0 . 3  
2 . 1  

2.8 

0 . 7  
0 . 9  
0 . 6  

1 .5  
0 . 7  
1 . 2  

0.1 

0 . 2  

0 .6  
1 .o 
1 . 1  

1.8 
1 . 4  

0 . 5  
0 . 9  
0 . 2  

0 .1  

0 . 2  

0 . 2  

0 . 3  

0 .27  
0.71 
1.50 

ECO EHC 

" (g/kg) ( d k g )  

44.4 7 .5  
15 .8  4.6 

3.4 1.8 
2 . 6  1.9 

29.9 14.2 
8.1  5 .4  

21.3 6 .5  
15.7 5 . 4  
13.9 4 .5  
24.8 6 . 7  
21.9 6 . 9  
20.9 7 . 5  
22.5 7 .2  
60 .4  21.4 
16 .0  11.3 
26.1 10.9 
36.1 12.7 
38.0 13 .4  
37.9 14.9 
46.2 16.9 
26.5 6 .7  
24.7 6 .0  
35.8 9 . 9  
39.6 11.4 
70.0 22.7 
50.3 1 6 . 8  
49.9  17.1 

1.8 0.8 
1 . 1  0 .5  
0 .9  0 .4  

C I  

- (%I  
2.10 

1 .oo 
0.20 

0.30 

2.60 
0.90 
0.90 
1 .oo 
0.60 
1 .40  
1 . 2 0  

1 . 5 0  
1.40 
4.30 
1 .80 
2.00 

2.40 
2.40 
2.50 
3.10 
1 . 2 0  

0 .80  
2 .10  

2.40 
4.70 
3.40 
3.40 

0.10 

0 .07  
0 .06  
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Px lo -  T C02 

(N/cm ) - (K) (%I 
8.0 

8.0 

8.0 

8.0 

8.7 
8.6 
8.6 
8.6 

8.6 
8.6 
8.2 

8.1 

8.3 
3.3 
8.2 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

903 6.6 
882 5.4 
838 4.9 
862 3.8 
840 5.7 
830 6.1 
810 6.4 
782 6.4 

760 6.1 

735 6.3 
886 5.6 
855 6.1 

822 6.4 

794 6 .4  

749 7.1 

921 4.5 
870 5.4 
837 6.1 

802 7.0 

769 7.5 
767 5.8 
752 5.8 
796 5.1 

777 5.9 
755 6.2 

780 5.6 
728 5.7 

co 
( P P d ,  

40 

190 

450 

2000 

320 

300 

55 
230 

1350 

1020 

110 

80 

120 

60 

2 45 
100 

52 

45 
40 

39 
95 
70 

95 
60 

75 
110 

1 40 

HC 

( PPmC ) 

27 

55 
218 

1320 

51 

33 
10 

37 
357 
353 

59 
38 
34 
27 

82 

93 
58 
40 

26 

22 

529 

420 

21 7 
1 49 
121 

365 
365 

NoX 

( P P d  

20 

3 
2 

3 
2 

2 

4 

5 
4 
2 

4 
8 

9 
9 

17 

3 
12 

23 

41 

47 
6 
6 

4 
6 

7 
5 
4 

PHI  

0 - 565 
0.457 

0.420 

0.353 

0.489 

0.519 

0.547 

0.553 

0.536 

0.550 

0.478 

0.526 

0.548 

0.547 

0.607 

0.378 

0.460 

0.521 

0.600 

0.645 

0.499 

0.494 

0.436 

0.500 

0.531 

0.476 
0.491 

ENOx 

(g/kg_) 

0.87 

0.17 

0.13 

0.19 

0.08 

0.09 

0.20 

0.25 

0.18 

0.10 

0.22 

0.37 

0.40 

0.40 

0.71 

0.18 

0.62 

1.10 

1.70 

1.83 

0.29 

0.28 

0.21 

0.32 

0.35 

0.25 

0.20 

ECO 

( d k q )  

1.1 

6.3 
16.1 

84.8 

9.9 
8.8 

1.5 

6.3 
38.2 

28.1 

3.5 
2.3 

3.3 
1.7 

6.1 

4.0 

1.7 

1.3 

1 .o 
0.9 

2.9 

2.1 

3.3 
1.8 

2.1 

3.5 
4.3 

EHC 

(g/kg) 

0.4 

0.9 

3.9 
27.8 

0.8 

0.5 

0.1 

0.5 

5.0 

4.8 

0.9 

0.5 

0.5 

0.4 

1 .o 
1.8 

0.9 

0.6 

0.3 

0.3 

8.0 

6 .4  

3.7 
2.2 

1.7 
5.3 
5.6 

C I  

- (%) 

0.05 

0.25 

0.90 

5.72 

0.32 

0.23 

0.02 

0.14 

1.58 

1.29 

0.16 

0.07 

0.06 

0.05 

0.13 

0.33 

0.14 

0.08 

0.05 

0.04 

1.06 

0.85 

0.55 

0.31 

0.24 

0.80 

0.80 
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